The anatomic basis and articulatory features of speech production are often studied with imaging studies that are typically acquired in the supine body position. It is important to determine if changes in body orientation to the gravitational field alter vocal tract dimensions and speech acoustics. The purpose of this study was to assess the effect of body position (upright versus supine) on (1) oral and pharyngeal measurements derived from acoustic pharyngometry and (2) 
I. INTRODUCTION
Speech and singing can be produced in a variety of body positions, such as upright, supine, prone and at various angles of recline. This report specifically addresses speech in the upright and supine positions. Although most laboratory studies of speech pertain to the upright position, imaging methods often place the speaker in a supine position, or more rarely, a prone position. Studies of vocal tract anatomy or function using magnetic resonance imaging (MRI) generally have placed the speaker in a supine position (Fitch & Giedd, 1999; Steiner, Richmond, Marshall, & Gray, 2012; Vorperian et al., 2009 ). The question arises if differences in body position affect the configuration and/or function of the articulators while producing speech or at rest. If so, then generalization of imaging results across body positions may be limited.
Changes that occur with altered body position may be attributable to gravitational effects exerted on the tissues of the vocal tract. There may also be changes in musculoskeletal relationships that are at least partly accommodations to gravitational effects but may reflect other aspects of structural relationships such as head-body alignment. The observed effects of body position on the speech articulators can be compensatory (the speaker makes adjustments in response to altered position) or noncompensatory (no adjustments are made to different orientations to gravity). The effects of body position on vocal tract adjustments during speech and singing have been determined primarily by the methods of imaging, acoustic pharyngometry (also referred to as acoustic reflectometry), electromyography, tongue pressure recordings, and acoustic measurements (primarily of formant frequencies). Published studies have been conducted almost exclusively on adults, the assumed speakers in the following summary unless specified otherwise.
The results of imaging and acoustic pharyngometry investigations into positional effects vary somewhat across studies and across individuals. One of the most consistent observations is that the pharyngeal (nasopharyngeal and/or oropharyngeal) cavity is smaller in the supine as opposed to the upright position during speech, as determined from acoustic pharyngometry (APh; Jan, Marshall & Douglas, 1994) , computed tomography (CT; Sutthiprapaporn et al., 2008) , magnetic resonance imaging (MRI; Engwall, 2006; Kitamura et al., 2005; Traser, Burdumy, Richter, Vicari, & Echternach, 2014) , ultrasound (Stone et al., 2007; Wrench, Cleland & Scobbie, 2011 ), x-ray microbeam (Tiede, Masaki & Vatikiotis-Bateson, 2000) , and videofluoroscopy (Bae, Perry, & Kuehn, 2014) . This effect can be explained by gravity pulling the tongue root posteriorly when the subject is in the supine position, thereby reducing the size of the pharynx. Similar effects have been observed during respiration. In a study of tidal nasal breathing with computed tomography (supine body position) and cone beam computed tomography (upright body position), the cross-sectional area of the upper airway was larger, especially in the region between the hard palate and bottom of the uvula in the upright than in the supine body position (Van Holsbeke et al., 2014) . This difference in airway geometry was accompanied by functional changes in airway resistance, with larger effects for men than women.
The gravitational influences may not have general effects on lingual function. In a recent study of tongue pressures generation in speech tasks (phoneme repetitions) and nonspeech tasks (isometric contractions), no significant differences were observed between upright and supine body positions (Dietsch, Cirstea, Auer, Jr., & Searl, 2013) . Either muscle activation for these tasks was unaffected by body position, or the degree of activation was adjusted for configurational differences related to body position.
Studies of the effects of body position on velar position and function are not so easily summarized. First, as Perry (2011) points out, most studies were concerned with sleep apnea and not with speech or singing. Vocal activities may result in a different response to gravity than is observed during rest breathing or a task such as swallowing. A further complication is that results vary across studies and sometimes across subjects within a study. The results are summarized here by task: rest breathing, swallowing, and vocal tasks of speech or singing. Studies of rest breathing have shown that the supine position resulted in (1) a thicker and longer velum, along with an increase in uvular width (Pae et al., 1994; Yildirim et al., 1991) (2) a more posterior position of the velum (Bae, et al., 2014; Smith & Battagel, 2004; Sutthiprapaporn et al., 2008) , or (3) no significant differences in several measures of velopharyngeal structures (Kollara & Perry, 2013; Perry, 2011) . For swallowing, changes in body position have been reported to affect the temporal pattern of movement (Perry, Bae, & Kuehn, 2012) and velopharyngeal closing pressure (Nakayama et al., 2013) . For speech, recent MRI studies by Perry (2011), reporting on adults, and Kollara and Perry (2013) , reporting on children between 4 and 8 years old, concluded that there were minimal effects of gravity on measures of velar thickness, velar height, levator muscle length, angles of origin, and pharyngeal dimensions. In an electromyographic study, Moon and Canady (1995) observed a reduced level of muscle activity in the levator veli palatine for phonation in the supine as opposed to the upright position. In a MRI study of untrained singers, Traser et al. (2014) observed elongation of the uvula in the upright position.
Effects of body position also have been reported for the jaw and larynx. Compared to the upright position, the jaw is more protruded in the supine position during speech (Shiller, Ostry, & Gribble, 1999) and singing (Traser, Burdumy, Richter, Vicari, & Echternach., 2013) , which may be a compensation for pharyngeal constriction, similar to the way in which mandibular advancement is used as a treatment for obstructive sleep apnea (Ferguson, Cartwright, Rogers, & Schmidt-Nowara, 2006 ). The larynx is elevated (i.e. more caudal or shorter distance from cranial reference point to laryngeal reference point) in the supine position during speech (Kitamura et al., 2005) and singing (Traser et al., 2013) but apparently not during nonvocal states (Yildirim et al., 1991) . Laryngeal elevation is related to several factors, including activation of the suprahyoidal and infrahyoidal muscles, neck and head posture, and tracheal pull on laryngeal structures (Traser et al., 2013) . At least some of these effects are responses to the gravitational field, but some may be associated with musculo-skeletal repositioning during postural changes.
In summary, there is general consensus that a supine body position differs from an upright position where during respiration, the pharyngeal cavity is smaller in the supine than in the upright position; and where during speech and singing, the tongue root is retracted (reducing the lumen of the pharynx), the jaw protruded, the larynx elevated, and the effects on the velopharynx variable (ranging from no effect to velar thickening and lengthening, and a posterior position of the velum).
Generally, acoustic studies have measured vowel formant frequencies (or more rarely, formant bandwidth) for speech produced in upright versus supine position (cf. Steiner et al., 2012) . Weir, McCutcheon, and Flege (1993) measured the first three formant frequencies for the four corner vowels (/i/ /u/ /ae/ /a/) produced by 10 male speakers. The sole significant difference between upright and supine positions was a higher F1 frequency for the vowel /i/ in the supine position. Stone et al. (2007) measured the F1 and F2 frequencies of three vowels (/i/ as in "feet", /ae/ as in "hat", and /a/ as in "hot") produced by 13 speakers. They reported no significant differences for words of continuous speech but some significant differences for isolated production of sustained consonants and vowels. Shiller et al. (1999) also measured F1 and F2 frequencies, focusing on two vowels in a consonant-vowel-consonant context with a carrier phrase produced by six speakers. Both F1 and F2 were higher in supine than upright body position for vowel /ae/ and less reliably for //. In another study of F1 and F2 frequencies for the vowels /i/ /u/ and /a/, no significant differences were observed between vowels produced in upright versus supine positions by 12 subjects, although F1 frequencies tended to be higher in the supine position (Bae et al., 2014) . Tiede et al. (2000) reported acoustic data from two Japanese male speakers for sustained vowels (/i/ /u/ /a/ /e/ /o/) and running speech in upright and supine positions. No consistent differences were found in formant frequencies or bandwidths between body positions or type of speech material. Stone et al. (2007) and Tiede et al. (2000) concluded from their data that the physiological effects of gravity on the acoustic properties of speech are negligible. Buchaillard, Perrier and Payan (2009) concluded similarly from a biomechanical model of the tongue and oral cavity. However, Shiller et al. (1999) reached the very different conclusion that "subjects do not completely compensate for differences in gravitational load" (p. 9079) and contrasted the motor control of speech with arm movements, for which such compensation has been demonstrated.
In summary, acoustic differences between upright and supine body positions are small or variable across studies. A general conclusion is hindered by the differences in speech sounds used across studies and by the limitation of the acoustic data to the first two or three formants.
Questions remain on the anatomic and acoustic consequences of positional change, especially related to the degree to which subjects compensate for changes in orientation relative to gravity.
Particularly needed is a combination of anatomic and acoustic measurements for both sexes. Therefore, the purpose of this study was to assess the effect of body position (upright versus supine) on (1) oral and pharyngeal anatomic measurements derived from acoustic pharyngometry (APh; oral and pharyngeal cavity length and volume of the vocal tract); and (2) acoustic measurements for the extreme vowels of the traditional quadrilateral, of fundamental frequency (F0), the first four formant frequencies (F1, F2, F3, and F4), formant bandwidths (B2 for F2, and B3 for F3), and computed Euclidean distances from a neutral vowel (in the F1-F2-F3 acoustic space). The centroid was calculated to be an approximation of a neutral vowel. Data were obtained for both male and female adults to assess possible sex differences. For the APh portion of the study, we hypothesized that the supine body position would yield smaller anatomic measures of the pharyngeal cavity volume but not its length (a pure effect of gravity pulling the tongue root posteriorly). For the acoustic portion of the study, we hypothesized that body position will not affect any of the acoustic measurements (F0, F1, F2, F3, F4, B2 and B3) due to compensation in speech production.
II. METHODS

A. Participants
Participants in this study included 27 adults (thirteen males and fourteen females) between the ages of 17 and 35 years. All participants were white native speakers of American English with no known difficulties with voice, speech, language, or hearing as determined by self-report during a phone interview, except for one female participant with a mild high frequency hearing loss. Participants were recruited with IRB (Institutional Review Board) approved flyers posted on University campus.
B. Procedures
After participants gave consent to participate, anthropometric data were collected including participants' sex, race, age, weight, and height (Table 1) . Next, speech audio recordings followed by APh measurements were collected first in the upright body position and then in the supine body position for participant ease. Despite data collection order of speech acoustics recordings followed by APh, the description of methods is reversed for expository and explanatory convenience in describing the results; therefore, APh is presented first, followed by the speech acoustics thus maintaining the anatomic-acoustic presentation order throughout this paper. All data collection was performed with two examiners present in the testing room. Participants received monetary compensation. (1993)) both clinically to investigate adults and children with sleep related disorders (Brown, McClean, Boucher, Zamel, & Hoffstein, 1987; Gelardi et al, 2007; Jung, Cho, Grunstein, & Yee, 2004; Marshall et al., 1993; Monahan, Kirchner, & Redline, 2005) , and more recently in speech research to study changes or differences in vocal tract dimensions related to aging (Xue, Jiang, Lin, Glassenberg, & Mueller, 1999) , race (Xue & Hao, 2006; ) , as well as in atypically developing speakers with Down Syndrome (Xue, Kaine, & Ng 2010) . The APh technique is similar to that of an active sonar and entails emitting pulses of sounds of known frequency and amplitude into the vocal tract, then using the amplitude and arrival times of the reflected acoustic waves to construct the area-distance function of the upper airway, specifically the cross-sectional area of the upper airway as a function of the distance from the glottis to the teeth. Figure   1 shows the APh system consisting of a mouthpiece (A) that is attached to the wave tube (B), which has an integrated electronic platform (C), and in turn is connected to the control unit/a microcomputer (D) that is connected to a monitor (E) to display the pharyngogram, as well as a keyboard (F) to type commands and filenames for data acquisition i.e. perform the acoustic scan. As the participant is gently exhaling through A and B, the electronic platform (C) that contains one sound generator and two microphones emits the acoustic signal (filtered tapping). The resulting acoustic wave, captured by first of the two microphones, travels down the uniform wave tube (B) and fitted mouthpiece (A) and into the vocal tract lumen. Fractions of the wave are reflected back at each point of discontinuity in the lumen and recorded by the second microphone. The control unit/microcomputer (D), equipped with analog-to-digital and digital-to-analog converters, processes the time of arrival and the amplitude of the reflected sound waves, and uses the monitor (E, as seen in Figure 1 ) to display the pharyngogram, a two-dimensional graphic representation of the cross-sectional area of the lumen (cm 2 ) as a function of airway distance (cm). The control unit also calculates volume (cc) from the summation of cross sectional area measurements.
Insert Figure 1 The acoustic pharyngometry data collection procedure used in this study was one based on the acoustic pharyngometer's operator manual (Sleep Group Solutions, 2009) as well as numerous communications with the manufacturer. A detailed protocol documenting the use of the acoustic pharyngometry equipment for data acquisition and analysis was developed, and a licensed version of the protocol is available online (Vorperian, 2013) . To summarize, acoustic pharyngometry data collection entailed having the participants position the flange of the mouthpiece against their teeth with their lips over the flange to form an airtight seal (similar to an athletic mouth guard). The mouthpiece also contained a crossbar to guide the tongue to a relaxed, downward position. Each participant was instructed to exhale slowly using each of the following three breathing conditions: 1) Oral exhale conditionparticipant inhaled through the nose and slowly exhaled through the mouth; this condition was performed several times until the pharyngograms were consistent (< +6% difference between trials) since this slow exhale condition pharyngogram was used to make the at-rest vocal tract length and volume 
Speech acoustic recordings and measurements:
Speech recordings were made using a SHURE SM48 microphone and PMD 660 Marantz solid state recorder. The microphone, stabilized with a floor stand, was adjusted to the height of the participant and placed 15 cm from the participant's mouth. The microphone was connected directly to the Marantz recorder, which digitized the speech samples at a 48 kHz sampling rate and 16-bit quantization onto the recording medium, a SanDisk Ultra II flashcard. The sound files were transferred to a computer for editing and analysis using the speech acoustic analysis software package TF32 (Milenkovic, 2010) . The stimuli were real words of American English containing the four corner vowels in consonant-vowelconsonant or consonant-vowel context. Words were used, as opposed to sustained vowels, to avoid the problem of hyper-articulation (Engwall, 2006) . Stimuli selection took into account word familiarity to younger participants, and high phonological neighborhood density which reportedly maximizes vowel space (Munson & Solomon, 2004) . The corner vowels were /u/ as in "hoot," /a/ as in "hot," /i/ as in "feet," and /ae/ as in "hat." For each corner vowel there were five stimuli (see Appendix A for the full list of word stimuli), with two of these words elicited twice. Thus there were 28 stimuli per body position and 56 stimuli per person (4 vowels x 7 words x 2 body positions). A laptop running the TOCS+ Platform program (Hodge & Daniels, 2007) was used to present the stimuli, both visually and auditorily, where the same set of 28 words was delivered to each participant in both the upright and supine body positions in random order in each body position.
Participants were seated in the upright body position first. One of the two examiners adjusted the microphone to the participant's seated height and distance from the lips as specified above. Each participant was instructed to keep his or her loudness at the same level throughout the speech recording session, to refrain from smiling or laughing, and to count from one to ten in a natural voice while the same examiner adjusted the recording level on the Marantz. Feedback regarding production loudness was given and the target recording level was adjusted to be between 6 to 12 dB below the maximum level.
Participants were then instructed to repeat the words they heard. The targeted recording levels were maintained throughout the recording sessions. In the upright body position, the stimuli were photographs presented to each participant visually on the computer monitor with the stimulus word written under it while an adult male audio recording of the stimulus word played over the computer's external speakers.
For speech recordings in the supine body position, participants lay on a cot with a supportive neck pillow.
The microphone setup and recording process was the same as in the upright position except that in the supine position, the stimuli were presented only in audio form to ensure that each participant maintained the desired body position with a line of vision straight up at the ceiling. Participants were instructed to inform the examiner if they were unsure of a stimulus and the examiner presented it again as needed.
The continuous speech recording from each participant was segmented into separate wave files for each stimulus word. A total of 1489 words (out of a possible 1512) were segmented. The 23 missing stimuli were due to participant error using the TOCS+Platform program. Each of the segmented word files was analyzed using the acoustic analysis software TF32 and the following measurements were made: fundamental frequency, formant frequencies F1-F4, and formant bandwidths B2 and B3.
The acoustic measurements of formant frequencies F1-F4 were made from a 100 ms segment that began at 10% of the total vowel duration. The analysis segment was selected for each word/waveform to capture the steady state of the vowel. Software output values using linear predictive coding (LPC)
formant tracking for the 100 ms segment were edited manually for formant tracking errors and the average per formant was used as the F1 through F4 values. The formant values of all seven words per vowel were then averaged, such that each participant had an average F1 for /a/, /ae/, /i/, and /u/ in the upright body position and an average F1 for each of the four vowels in the supine body position, and so on for the other formant frequencies. Fundamental frequency measurement was accomplished with TF32's pitch extraction performed on the selected 100 ms segment.
Formant bandwidth was measured manually from LPC spectra with a Hamming window placed over the middle 20 ms interval of the 100 ms analysis segment. Manual measurements were used because of questionable accuracy of formant bandwidths derived from LPC analyses (Burris, Vorperian, Fourakis, Kent & Bolt, 2014) . The bandwidths of only the second and third formant bandwidths (B2 and B3) were measured because we believed that these could be measured with satisfactory reliability and would be sufficient to detect bandwidth changes related to differences in body position. Formant bandwidths are determined by several factors that conceivably could be affected by the gravitational orientation of the vocal tract. These include radiation, friction and heat conduction losses, and dissipation in the walls of the vocal tract (Fant, 1972; Fleischer, Pinkert, Mattheus, Mainka, & Murbe, 2014) . We assumed that measurement of two formant bandwidths would be adequate to determine if bandwidths are affected by body position although it is possible that such effects are formant specific. The bandwidths B2 and B3
were manually calculated as the width between ± 3dB of the F2 and F3 formant peaks, respectively, allowing a ± 0.5dB margin of error. Due to narrowness of the formant peak or weakness of the formant, the bandwidth sometimes could not be measured, or the bandwidth could be measured only on one side.
In the latter case, one side's value was doubled for the recorded bandwidth value. For each participant, the measured formant bandwidth values of the seven words per vowel were also averaged, so each participant had an average B2 for /a/, /ae/, /i/, and /u/ in the upright body position and an average B2 for each of the four vowels in the supine body position, and so on for B3.
A centroid was calculated as a measure representing the neutral vowel values for each participant using the average F1, F2, and F3 values of the four vowels in each body position. The Euclidean distance from the centroid to each corner vowel in the F1-F2-F3 acoustic space was calculated for all vowels in both upright and supine positions for each participant. All acoustic measurements were assessed for reliability. Duplicate measurements of the first and second formant frequencies, and the third and fourth formant frequencies were made by two different trained assistants using a random selection of 10% of the total 1489 waveforms (149 words). Paired t-tests between the original measurements and the duplicate measurements for each formant, for each group (male and female) and for each position (upright and supine) revealed no significant differences taking into account the Bonferroni correction (p > .0125, see Appendix B).
C. Statistical Treatment of Data
Statistical analysis of data was performed with SAS © software, version 9.4 for Windows. Mixed modeling techniques were used to account for within-subject correlation. The six acoustic pharyngometry variables were vocal tract length (VTL-APh), subdivided into oral cavity (OCL-APh) and posterior cavity length (PCL-APh), and vocal tract volume (VTV-APh), subdivided into oral cavity (OCV-APh) and posterior cavity (PCV-APh) volumes. All models included fixed effects for sex (male, female) and body position (upright, supine) and a random effect for subject to account for within-subject correlation. The significance level was adjusted using a Bonferroni correction to account for the 6 measurements for each subject (p = 0.05/6 = .0083). Residuals were examined to check model assumptions.
The eight speech acoustic variables were fundamental frequency (F0), formant frequencies (F1-F4), formant bandwidths (B2-B3), and computed Euclidean distance from the centroid in F1-F2-F3 acoustic space. Means and variances of all acoustic measures were calculated for each person by body position and vowel type. These means were used for modeling and to calculate Euclidean distance. All models included fixed effects for sex (male, female), body position (upright, supine), and vowel type (/i/ high-front, /ae/ low-front, /u/ high-back, /a/ low-back). An unstructured covariance matrix was used to model within-subject correlation and to accommodate unequal vowel type and body position variances.
The significance level was adjusted using a Bonferroni correction to account for the 8 measurements for each subject (p = 0.05/8 = .0063). Residuals were examined to check model assumptions. Individual variances were averaged by sex, vowel type, and body position and were used to describe differences in variability by body position.
To examine whether the variability of acoustic measures differed by body position, within-person variances of F0, F1, F2, F3 and F4 were calculated for each person by body position and vowel type. We conclude that the three volumetric measurements are smaller in the supine than upright body position for individuals of both sexes.
B. Speech Acoustics
The mixed effects models for the eight acoustic variables, had three significant main effects for To illustrate these effects, findings are plotted in separate panels for males and females in There is an apparent trend for F0 and F3 measurements, across all vowels and for both males and females, to be greater in the supine position than in the upright position with more vowels plotted above the diagonal reference line. The Body Position x Vowel Type interaction for F2 can be seen in the middle panels, with more /i/, /a/ and /ae/ vowels above the line (supine > upright) and more /u/ vowels below the line (supine < upright) for both sexes.
Insert Figure 4 Insert Figure 5 Differences in variability in supine versus upright productions for F0 and F1-F4 were examined by taking the difference of the average standard deviation by sex, vowel, and body position for each measure. Women tended to have larger standard deviations than men. Also noted were differences in the variability by vowel type. However, there were no systematic trends for standard deviations to be greater in one body position than another.
To summarize, the supine body position resulted in an increased F0, F3, and Euclidean distance in the F1-F2-F3 acoustic space, with a significant Vowel Type x Body Position interaction for F2 and Euclidean distance. There were no systematic differences in variability of F0 or F1-F4 by body position.
IV. DISCUSSION
This study examined the effect of body position on vocal tract acoustics using the methods of acoustic pharyngometry and acoustic measures of vowel production, as an approach to assess the feasibility of using data from medical imaging studies obtained in the supine body position to address speech production in the upright body position. We hypothesized that for the APh portion of the study, The significant effect of body position on vocal tract volume, specifically the pharyngeal cavity volume-APh, is comparable to the findings in several other studies (Bae et al., 2014; Jan et al., 1994; Stone et al., 2007; Sutthiprapaporn et al. 2008; Wrench et al., 2011) . However, for the volumes of both the oral and pharyngeal cavities to be smaller in the supine body position makes it difficult to determine the possible effect of one cavity over the other on the acoustic measures. An interpretation of these results is that participants compensate for gravitational effects on the volume of the pharyngeal cavity by making compensatory changes in the volume of the oral cavity, thereby preserving the relative dimensions of these portions of the vocal tract. Alternatively, the APh mouthpiece may have interfered with compensation of gravitational effect.
These anatomical results are specific to a vocal tract in the upright versus supine body position, so these results reflect primarily the effect of gravity and not articulatory compensations made to achieve a desired phonetic target in the face of gravitational changes. The acoustic data reflect both gravity and compensations made to achieve vowel production in each gravitational orientation. As noted in the review of previous studies, articulatory adjustments are most likely to be seen in the naso-and oro-pharyngeal region, the jaw, and the larynx. These adjustments are made to preserve the basic acoustic properties of speech.
Concerning the cause of the increased F0 in the supine position, we can only speculate. One possibility is the differential influence of tracheal pull, which is expected to be greater in the upright than supine body position. However, we did not see evidence in either the APh or acoustic data of a change in the position of the larynx that would affect F0 by means such as those described by Honda, Harai, Masaki, and Shimada (1999) . Presumably, tracheal pull would draw the larynx caudally, therefore increasing the length of the vocal tract. Apparently, then, the increased F0 in the supine position occurred without an appreciable change in larynx position. Possibly, the reduced tracheal pull in the supine position facilitates a cricoid rotation that lengthens the vocal folds, thereby increasing F0. In addition, upright and supine body positions may have differential effects on the external frame function related to F0 control. Sonninen (1968) described the various extrinsic tension mechanisms operating on the vocal folds, including tracheal pull, the sternothyroid muscle, the thyrohyomandibular muscle chain, and the functional chain composed of the arytenoid cartilage, aryepiglottic muscle, epiglottis, tongue, hyoid, and mandible. These mechanisms may have different influences on F0 control, depending on body position.
The general lack of an effect of body position on the main vowel formants F1 and F2 frequencies agrees with the results of Weir et al. (1993) , Tiede et al. (2000) , Stone et al. (2007) , and Bae et al. (2014) but not those of Shiller et al. (1999) . The preponderance of the formant-frequency data from acoustic studies indicates that speakers achieve a high degree of compensation for changes in gravitational orientation. This conclusion is consistent with reports that speech production is little affected by weightlessness as experienced by astronauts (Nixon & Waggoner, 1962) although one report described nasal speech associated with this condition (Kerwin, 1975) . Present findings of no main effect of body position on F2, but an interaction of body position and vowel type on F2 indicate that body position perturbs the production of some vowels more than others, and hence there may be more compensation in the production of those vowels. (Fant & Pauli, 1974) . It would seem that if the tongue is retracted in the supine position, the effect most likely would be to increase the size of the front cavity, which would be expected to decrease rather than increase the F3 frequency. Additional imaging studies are warranted to assess changes in vocal tract configuration in the upright and supine positions for the articulation of specific vowels and to determine the bases for changes in F3 frequency.
The Euclidean distance from the centroid to the corner vowels in the F1-F2-F3 space was significantly greater in the supine than in the upright position, but the differences between upright and supine productions varied by vowel and sex, with /u/ showing the greatest difference and /a/ the smallest.
Body position especially affected the high vowels /i/ and /u/ for both sexes, suggesting that tongue height was accomplished somewhat differently between the upright and supine positions. Alternatively, if the same muscle forces were used to produce the high vowels in both body positions, the reduced gravitational effect in the supine position may have allowed a more extreme position of the tongue.
To our knowledge, previous acoustic studies of the effects of body position on vowel production have not addressed whether the variability of F0 or formant measures is affected. Given that speech is routinely produced in the upright position, it would not be surprising if the acoustic measures showed greater variability in the supine than upright position. However, we observed no consistent differences in variability, which can be interpreted to mean that the precision of speech motor control for vowel production is not affected by alteration in body position, at least for the two positions studied here. This finding also implies that there is no order effect (upright recording always preceding supine recordings), which was a limitation in study design.
It appears from our data and from most previous reports that adult speakers of both sexes can compensate fairly effectively for changes in orientation to gravity, thereby achieving main vowel formant patterns that do not change significantly with body position. Previous studies using a variety of techniques have shown that articulatory adjustments are most likely to be seen in the naso-and oropharyngeal region, the jaw, and the larynx. These adjustments apparently are made to preserve the basic acoustic properties of speech and are interpreted as evidence of compensation for gravitational effects.
The adjustments are likely to be interdependent, for example, in the supine body position, protrusion of the mandible may help to counteract the gravitational pull on the tongue that reduces the pharyngeal lumen.
Given the methodologies used in this study, it is not feasible to assert Kollara and Perry's (2013) findings that imaging data obtained in the supine body position can be translated to speech production in the upright position. However, a major conclusion is that data obtained from one body position can be generalized with caution to another body position; and that additional investigations are warranted on the following issues:
(1) Determining if and how, children compensate for gravitational effects on the various components of the vocal tract. The only published data for children pertain to velar function (Kollara & Perry, 2013) . Possibly, compensation for changes in orientation to gravitational field requires motor control strategies that are developed with experience. of /r/ and r-colored vowels is a marked decrease in F3 frequency; for example, the F3 for /r/ is about 80% of the value averaged over a speaker's vowels (Hagiwara, 1995; Hamilton, Boyce, Scholl, & Douglas, 2014) . This phonetically specific lowering of F3, in combination with the variability of /r/ articulation (Alwan, Narayanan, & Haker, 1997; Westbury, Hashi, & Lindstrom, 1998; Zhou et al., 2008) , may be useful in further determining the effects of body position on this particular formant.
This study using acoustic pharyngometry and measures of vowel acoustics shows that the vocal tract configuration is affected by body position, presumably because of adjustments to orientation in the gravitational field. Information on these adjustments is needed to allow comparisons of data obtained in supine and upright positions, especially because imaging data often are obtained in the supine position. 
